aciduria #{149} metabolic diseases . pediatric chemistry.
tropic acid . 2-ketocaproic acid #{149} variation, source of #{149} urine Profiling urinary organic acids by GC-MS is recognized as an invaluable tool for diagnosing the numerous inborn errors of metabolism known as organic acidurias [1, 2] . These methods were initially developed for qualitative purposes, and quantitative analytical criteria have seldom been extensively studied if at all. The single quantitative procedure described [3, 4] is not widely applied because it requires extensive sample preparation. Most often, laboratories either do not quantify organic acids or express semiquantitative results in terms of equivalents of an internal standard, which varies from laboratory to laboratory. Sweetmann [4] considered that errors in quantitative results as great as 50% would be acceptable for the diagnosis of such inherited disorders but that, in follow-up, the error for organic acids of clinical interest should be <20%. In our opinion, however, lower analytical errors are desirable for comparing the excretion values reported by various laboratories, for therapy monitoring, for some differential diagnoses, and for the diagnosis of patients as having moderate hyperexcretions or not in an acute episode. Moreover, essential biological variables such as the normal excretion concentrations and their variation according to age, genetic factors, and nutritional
status have yet to be unequivocally established.
Finally, the knowledge of such physiological variations also depends on better analytical precision and accuracy.
Our aim in this work has been to improve and validate a classical procedure for profiling organic acids-ethyl acetate extractionloxime-trimethylsilyl derivatization/GC-MS-as a quantitative method.
For this purpose, we have investigated mass spectrometer tuning, scan and selected-ion monitoring (SIM) data acquisition modes, and the use of various internal standards.' Validation data, including recovery and precision, have been studied for 27 acids; linearity has been evaluated for 12 acids.
Matenals and Methods

CHEMICALS
The organic acids used as calibrators or standards were from Sigma Chemical Co. (St. Louis, MO), Serva Feinhiochemica (Heidelberg, Germany), or Janssen Chimica (Beerse, Belgium).
Hydroxylammne hydrochloride was from Serva, and N,O-bis(trimethylsilyl)trifluoroacetamide:trimethylchlorosilane (BSTFA: TMCS; 99:1) was from Pierce Europe (Oud-Beijerland, The Netherlands).All other chemicals were from Merck (Darmstadt ,  Germany) and were of analytical-grade purity.
ORGANIC ACID SOLUTIONS
For most of the compounds, individual 10 g/L aqueous stock solutions were prepared from the acid or its sodium or lithium salt. Other 10 g/L stock solutions were prepared as follows: fumaric and sebacic acids were dissolved in absolute ethanol, and Three calibration urines, A, B, and C, used successively during this study, were prepared by combining aliquots of stock solutions of the 27 acids listed in Table I (total volume 2 5-30 mL, according to the preparation) in a 100-mL volumetric flask and diluting to volume with previously analyzed urines from individuals unaffected by organic aciduria ("normal" urines). Aqueous calibration solutions were prepared as described for calibration urines, but substituting water for urine. A control urine was similarly prepared with other aliquot volumes of 17 selected acids (see Table I entries for which n = 32) and a normal urine. The control urine was used for our daily internal quality control, i.e., checking the concentrations found when calculated in terms of the daily calibration urine. Both calibration and control urines were prepared from selected aliquot volumes of the stock solutions that would approach low pathologicalconcentrationsof the individual acids. All concentrations were corrected for the endogenous concentrations of the organic acids present in the urines used as diluent. For the linearity study,three urines were each prepared to containatmedium pathological concentrationsfourdifferent organicacidsthathad been dissolved directly in a normal urine. These acid-supplemented urines and the normal urine were mixed in various volumes to yield four solutions, each containing the 12 acids at concentrations less than those of the acid-supplemented urines.
All of these organicacid solutionswere storedat -20 #{176}C in l.7-mL aliquotsfor 10 months.
EXTRACTION
The previously described extraction method [5] was slightly modified by adding ammonia just before the evaporation steps, to avoid any loss of the more volatile acids [6] .
In a lO-mL glass-stoppered centrifuge tube, 1.5 mL of urine, 75 tL of internal standard solution (1.0 g/L 2-ketocaproic acid and 1.0 g/L OL-tropic acid in water), and 500 j.tL of 50 g/L Table 1 . Relative recovery and precision of determinationa of organic acids added to urine.
Data acquisition in scan mode. "Tropic acid was used as internal standard. Mean ± SD. n = 10.
Tropic acid was used as internal standard. "Recovery statistically different from 100% (P <0.05).
Determined with tropic acid as internal standard; results with 2-ketocaproic acid as internal standard are shown in parentheses. Imprecision estimated by using a constant calibration factor instead of a daily factor.
Total imprecision statistically better with tropic acid as internal standard (P <0.05). to dryness under nitrogen at 50 #{176}C in the Reacti-Therm. After repeating this extraction/evaporation step twice, the evaporation residue is dissolved in 100 j.L of ethanol, reevaporated to dryness, and mixed with 100 .tL of BSTFA:TMCS:pyridine (99:1:20, by vol). The tube is stoppered, its contents are heated at 60 #{176}C for 30 mm, and 2 .tL of the derivatized extract is injected into the chromatograph.
GC-MS
The analyseswere performed on a Hewlett-Packard (PaloAlto, CA) HP5890A gas chromatograph coupled to an HP5970B mass-selective detector and an HP59940A ChemStation. A polydimethylsiloxaneHP I stationaryphase (0.3 3-tm-thick film) chemically bonded on a 25 m X 0.2 mm (i.d.) fused-silica capillary column (Hewlett-Packard) was used with an open-split interface. Helium was used ascarrier gas ata linearvelocity of27 cm/s, and the injector split-ratio was set to 1:10. Injector and interface temperatures were respectively 260 and 280 #{176}C; oven temperature was 90 #{176}C for 1.0 mm, then increased at 4.5 #{176}C/min to 270 #{176}C, where it remained for 4 mm.
The mass spectrometer was operated in the electron-impact mode (70 eV). Data acquisition was either in scan mode with integration of extracted ion chromatograms-between 7.5 mm and 18.1mm, the scan range was m/z 69-310, which allows 2.06 scanls;between 18.1mm and 45.0 mm, the scan range was m/z 69-480, which allows 1.36 scanls-or in SIM mode. In SIM mode, according to the specific ions monitored and the peak retention time and width, run time was divided into 41 slices during which 2 to 8 ionswere monitored, each individual dwell time being adjusted from 250 to 60 ms to maintain -1.8 cycle/s throughout the run. Quantification of the acids was based on the specific ion masses (' Table 1 ), those of the internal standards being m/z 118 or 280 (tropic acid, according to the ion to be quantified) and 274 (2-ketocaproic acid).
VALIDATION STUDY
Relative recovery was estimated from 10 replicate analyses of calibration urine A in comparison with the aqueous calibration solution analyzed in the same daily runs. Both calibration urine and aqueous calibration solution contained the same concentrations of organic acids, after the endogenous urinary concentrations were subtracted.
Within-day imprecision was estimated from 8 duplicates of the complete analysis of calibration urine A. Total imprecision (often called between-day imprecision) was estimated from assays of 32 replicates of the control urine over 7 months, the acids being quantified on the basis of calibration urine B analyzed in the same runs. For 10 of the acids, however, total imprecisionwas estimatedin a preliminary study with 10 or 20
replicates of calibration urine C, calculated with reference to a constant calibration factor. To compare the total imprecision estimated for data acquired in the scan and SIM modes, we analyzed the control urine 11 times in 2 months, measuring each extract in both modes.
Linearity of the response for 12 organic acids was tested by assaying six concentrations of each acid, from normal to medium pathological.
The acids were selected according to their chem- (Fig. 1) . For most acids, the calibration factors are thus altered by the tuning, whether in automatic mode or, as shown in Fig. 2A , in manual mode. Only the acids for which the measured ion mass is close to that of the internal standard are correctly determined;
the more the ion (Fig. 2B) . These results show the utility of maintaining fragmentation within a narrow range by recourse to a manual tuning. To achieve reproducible results, we adopted the following mass detector tuning procedure:
(a) perform the autotune procedure of the manufacturer every 2 weeks to assess the mass scale and the mass peak width, and (b) before each daily run (the detector having been turned off overnight), manually adjust some of the tuning variables(entrance lens voltage,x-ray voltage, ion focus) to bring selected signal ratios in the following target ranges: For the tuning compound PFTBA, the ratio for signal of ion m/z 219 to that of ion m/z 69 (X 100) should fall in the range 50-62, and the ratio of signals for m/z 502 to m/z 69 (X 100) should be 12-16; for tropic acid internal standard, the ratio of signals for m/z 118 to m/z 280 (X 100) should be 80-1 10.
The aim of the last ratio (determined from the first daily injection) is to check the tuning conditions in the actual course of the chromatographic run. All these values were empirically chosen and may vary from detector to detector. They can be attained daily by making only slight adjustments of detector settingsand allow us to obtain ion signal ratiosadequately reproducible within our quantification mass range (m/z 156-3 75).
normal and known pathological metabolic processes, or their use by other authors [1, 3, [8] [9] [10] [11] [12] .
The results of our experience with these seven compounds are presented in Table 2 . Interferences (i.e., similar retention time and common specific ion with acids likely to be found in samples) observed in routine urine specimens and in organic acid solutions led us to reject two candidates:
2-hydroxyvaleric and 2-phenylbutyric acids. Moreover, within-run precision of the signal ratio analyte-specific ion vs internal standard-specific ion was poor for 2-phenylbutyric, pentadecanoic, and undecanedioic acids.
Among urinary organic acids, a-keto acids (including phydroxyphenylpyruvic acid) and glyoxylic acid present an erratic dilution effect, i.e., a sporadically strong reduction in response when the water:urine ratio of the sample is increased.2 So far, numerous investigations have not enabled us to understand the mechanism of this effect or to generate it reproducibly. The possibleinfluence of the water content of urine specimens (estimatedfrom the creatinine concentration) on the accuracyof the quantification
is not yet precisely known. From preliminary observations (comparison of urines with various creatinine concentrations and comparison between undiluted and water-diluted normal or pathological urines), we speculate that, to avoid this dilution effect, the volume to be extracted should contain at least 3 jmol of creatinine.
If a specimen needs to be diluted
CHOICE OF AN INTERNAL STANDARD
Seven acids-2-hydroxyvaleric, 2-ketocaproic, 2-phenylbutyric, 3,3-dimethylglutaric, tropic, pentadecanoic, and undecanedioic acid-were tested as internal standards. These compounds were chosen because of their chemical structure, their absence in Quantified acid ion mass I tropic acid ion mass Gen., generally; nd, not determined. Retention time similar to that of candidate internal standard.
#{176} Same m/z as that of the candidate internal standard ion.
#{176}
When candidate acid is used as internal standard.
d Rangeof observed responsesfor the candidate internal standard measuredin diluted medium or in water vs responsewhen measuredin undiluted urine.
Poor integration of peak.
'See also Table 1 .
g Statistically the best for suberic, sebacic, and p-hydroxyphenyllactic acids. "Statistically the worst for glycolic, pyruvic, adipic, 2-ketoglutaric, N-acetylaspartic, and 2-keto-3-methylvaleric acids, and the best for p-hydroxyphenyllactic acid.
because of itshigh organic acid content,thislimitshould be respected. Accordingly,we investigated the susceptibility of the internal standard to this dilution effect. Unlike tropic and 3 ,3-dimethylglutaric acids, the 2-phenylbutyric, 2 -hydroxyvaleric, and 2-ketocaproic acids were found to be dependent on this phenomenon.
For example, in a urine sample in which creatinine is <2 mmol/L, the response of 2-ketocaproic acid vs tropic acid is significantly lower (signal ratio 0.41 instead of 0.45, P <0.001) than in urines with creatinine >2 mmol/L. Taking intoaccount allthesecriteria, we concluded thatthe commonly used 2-phenylbutyric and pentanedecanoic acids were the poorest internalstandards for quantifications. We further determined that tropic acid was the best choice. However, as a precautionary measure, we propose inclusion of a second internal standard, 2-ketocaproic acid, to indicate the occurrence of a dilution effect; this would be detectable by a decrease of the response ratio 2-ketocaproic acid/tropic acid. Moreover, the 2-ketocaproic acid is expected to compensate for, at least partly, the dilution effect observed for a-keto-acids and thus is suitable for quantification of these acids. The other acids are quantified vs tropic acid. These two internal standards have been satisfactorily used forroutineanalysis in our laboratoryfor 2 years.
VALIDATION STUDIES
Recovery and precision data are presented in Table 1 . Recoveries of calibration solutions relative to an aqueous standard solution ranged from 78% to 251%. However, most organic acids yield acceptable relative recoveries (between 90% and 110%) and most often do not statistically differ from 100%. The relative recovery of the internal standard 2 -ketocaproic acid, calculated vs tropic acid, is 152% when extracted from urine instead of from water-partly illustrating the dilution effect discussed above. The observed wide range of recoveries probably reflects differences in extractability between urine and aqueous solutions.
For greater accuracy when using aqueous calibration solutions, correction factors estimated on the basis of the recovery data must be introduced. Therefore, we prefer to use a urine calibration solution to avoid the potential variation of the recoveries. The medium we recommend for preparing calibration urines would be a urine from a child with a typical nonaciduric profile and creatinine concentration. Each laboratory must take into account the generally small contribution of the endogenous acid content of the urine matrix. Storage of the calibration urine in l.7-mL aliquots at -20#{176}C for at least 10 months has shown no visible alteration of the analytical response, except for p-hydroxyphenylpyruvic and the branched a-keto acids, for which distinct loss trends were observed (10-20% in 10 months 
#{176}
Compound not included in the calibration urine; therefore, excretion has been calculated by using a constant calibration factor instead of referencingto the daily calibration urine and is expressed in equivalents of the internal standard(tropic acid). In conclusion, routine GC-MS is largely acceptable for quantifying urinary organic acids. The procedure described here has been applied in our laboratory for 2 years for the routine analysis of urines from patients suspected to be affected with an inborn error of metabolism and has proven its feasibility in routine analyses as well as its reliability for both qualitative and quantitative analysis of urinary organic acids. For successful quantiadded (mmoi/L) We are indebted tojanine Genin-Ramakers for skillful technical assistance regarding the GC-MS analysis. The help of Chr#{233}ti-enne Kaiwele is also greatly appreciated.
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